Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (OxPAPC), which has been shown to accumulate in atherosclerotic lesions and other sites of chronic inflammation, activates endothelial cells (EC) to bind monocytes by activation of endothelial ␤1 integrin and subsequent deposition of fibronectin on the apical surface. Our previous studies suggest this function of OxPAPC is mediated via a Gs protein-coupled receptor (GPCR). PEIPC (1-palmitoyl-2-epoxyisoprostane E2-sn-glycero-3-phosphorylcholine) is the most active lipid in OxPAPC that activates this pathway. We screened a number of candidate GPCRs for their interaction with OxPAPC and PEIPC, using a reporter gene assay; we identified prostaglandin E2 receptor EP2 and prostaglandin D2 receptor DP as responsive to OxPAPC. We focused on EP2, which is expressed in ECs, monocytes, and macrophages. OxPAPC component PEIPC, but not POVPC, activated EP2 with an EC 50 of 108.6 nmol/L. OxPAPC and PEIPC were also able to compete with PGE2 for binding to EP2 in a ligand-binding assay. The EP2 specific agonist butaprost was shown to mimic the effect of OxPAPC on the activation of ␤1 integrin and the stimulation of monocyte binding to endothelial cells. Butaprost also mimicked the effect of OxPAPC on the regulation of tumor necrosis factor-␣ and interleukin-10 in monocyte-derived cells. EP2 antagonist AH6809 blocked the activation of EP2 by OxPAPC in HEK293 cells and blocked the interleukin-10 response to PEIPC in monocytic THP-1 cells. These results suggest that EP2 functions as a receptor for OxPAPC and PEIPC, either as the phospholipid ester or the released fatty acid, in both endothelial cells and macrophages. (Circ Res. 2006;98:642-650.) 
I mportant early events in atherogenesis involve the activation of endothelial cells to bind monocytes and the entry of these monocytes into the vessel wall where they take up lipid, forming foam cells. There is evidence that deposition and oxidative modification of low-density lipoprotein (LDL) in the artery wall plays an important role in atherogenesis. 1, 2 Oxidized phospholipids have been demonstrated to accumulate in atherosclerotic lesions and other sites of chronic inflammation. 1, 2 OxPAPC and its component phospholipids 1-palmitoyl-2-oxovaleroyl-sn-glycero-3-phosphorylcholine (POVPC) and 1-palmitoyl-2-epoxyisoprostane E2-snglycero-3-phosphorylcholine (PEIPC), like mildly modified LDL (MM-LDL), activate human aortic endothelial cells (HAEC) to bind monocytes. 3, 4 This increase in binding induced by MM-LDL and OxPAPC was shown to be caused by a change in configuration of the ␣5␤1 integrin on the apical surface of the endothelial cells, resulting in the binding of fibronectin. This fibronectin contains connecting segment-1 (CS-1), which binds to ␣4␤1 integrin on the surface of monocytes and enables firm adhesion of monocyte to endothelial cells. 5 Interestingly, the increase in monocyte binding was shown to be independent of vascular cell adhesion molecule (VCAM)-1, which was not increased in response to OxPAPC. We demonstrated that the alteration of ␣5␤1 integrin was mediated by a cAMP-dependent R-Ras/ phosphatidylinositol 3-kinase pathway. 3 Upregulation of CS-1 expression on the large vessel endothelium was demonstrated in vivo in inflammatory areas of human atherosclerotic lesions. 5 Because of the potential importance of the cAMP/CS-1 pathway in human atherosclerosis, we have performed studies to identify the receptor for OxPAPC, which mediates this process.
Several lines of evidence support a role of a Gs proteincoupled receptor (GPCR) in OxPAPC and MM-LDL-stimulated monocyte binding. Treatment of endothelial cells with OxPAPC rapidly increases intracellular level of cAMP. 3, 4, 6, 7 Dibutyryl cAMP, which can mimic the function of cAMP, also stimulated monocyte binding by increasing CS-1 on the apical surface of endothelial cells. RpcAMP (a competitive antagonist of cAMP) and H89 (an inhibitor of PKA) inhibit OxPAPC and MM-LDL-stimulated monocyte binding. 3, 6 In the current studies, a number of GPCRs of the rhodopsin family, including known lipid receptors or orphans, were screened as candidate receptors with a reporter assay. Using this screening procedure, 2 members of the prostaglandin receptor family were identified as Gs-coupled OxPAPCresponsive receptors: EP2 and DP. Both receptors are known to couple to Gs and increase synthesis of cAMP. We present evidence here suggesting EP2 functions as a receptor for OxPAPC in endothelial cells and monocytes/macrophages.
Materials and Methods

Materials and Reagents
Cell culture media and reagents were obtained from Irvine Scientific Inc and Invitrogen Inc. FBS was obtained from Hyclone Inc. PAPC and POVPC were purchased from Avanti Polar Lipids Inc. OxPAPC and PEIPC were prepared and analyzed in our laboratory as previously described. 8 GPCR constructs were either bought from NMR cDNA Resource Center (www.cdna.org) or cloned by ourselves. Six GPCR CHO stable cell lines were provided by Dr Kevin Lynch (University of Virginia). Prostaglandins, butaprost, AH6809, and anti-EP2 antibody were purchased from Cayman Chemical Inc. 3 H-PGE2 was from PerkinElmer Inc. Antibody against active Integrin ␤1 was obtained from Pharmingen/BD Biosciences. HRPconjugated secondary antibodies were obtained from Cell Signaling Inc.
Cell Culture
HAECs were cultured as previously described. 3 HEK293 cells were obtained from the American Type Culture Collection and cultured in DMEM (Irvine Scientific) supplemented with 10% FBS. HEK293-EBNA-EP2 stable cells were generously provided by Dr John W. Regan (University of Arizona) and cultured with DMEM/10% FBS supplemented with G418 and Hygromycin B. THP-1 cells were obtained from American Type Culture Collection and cultured in RPMI-1640 (Invitrogen) supplemented with 10% FBS and 50 mol/L ␤-mercaptoethanol. Human monocytes were isolated and differentiated into macrophage in vitro as described previously. 9
Reporter Gene Assay
HEK293 cells were plated in 48 wells and grown to more than 90% confluence the next day. The Pathdetect-CREB Trans-Reporter System (Stratagene) was used according to the protocol of the manufacturer. Plasmids pFR-Luc (250 ng), pFA2-CREB (25 ng), and test plasmid with GPCR coding sequence (125 ng) were cotransfected into each well of HEK293 cells. Transfection was performed with Lipofectamine 2000 (Invitrogen) following the instructions of the manufacturer. Twenty-four hours after transfection, cells were treated with or without OxPAPC or other reagents in DMEM/1% FBS. DBcAMP was used as positive control. Six hours after treatment, media were removed and the cells were lysed in 150 L of Reporter Lysis Buffer (Promega). Luciferase activity was measured with Bright Glow substrate (Promega) with Sirius Luminometer.
RT-PCR and Quantitative Real-Time PCR
RNA was isolated with RNeasy mini kit from Qiagen following the instructions of the manufacturer. Potential genomic DNA contamination was removed with on-column DNase I digestion. Total RNA (0.5 to 1 g) was reverse transcribed with the iScript cDNA synthesis kit (Bio-Rad). Primers were designed with PrimerQuest software (Integrated DNA Technologies, www.idtdna.com) and were blasted against GenBank sequences to ensure specificity. The following forward (F) and reverse (R) primers were used: EP2 (F, 5Ј-ATGGGCAATGCCTCCAATGACTCCC-3Ј; R, 5Ј-ACACCAGCTCGGTCACCAGCACGT-3Ј); tumor necrosis factor (TNF)-␣ (F, 5Ј-ATGAGCACTGAAAGCATGATCCGGGA-3Ј; R, 5Ј-CGGGGTTCGAGAAGATGATCTGACTGC-3Ј); interleukin (IL)-10 (F, 5Ј-GTTTTACCTGGAGGAGGTGATGCCCCA-3Ј; R, 5Ј-GGCCTTGCTCTTGTTTTCACAGGGAAG-3Ј). End-point RT-PCR was performed with GeneAmp 2400 (PerkinElmer). Quantitative real time PCR was done using iCylcer and iQ SYBR green supermix (Bio-Rad). The expression of target genes was normalized to GAPDH.
Western Blot
Cells were lysed in RIPA buffer (50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and protease inhibitor cocktail) at 4°C for 30 minutes. Protein concentration was determined with Bio-Rad DC protein assay kit. Equal protein amount of lysates were run in 4% to 12% gradient SDS-PAGE gel. The proteins were then transferred to polyvinylidene fluoride membrane and blotted with indicated primary and secondary antibody. GAPDH was used as loading control.
Monocyte Binding Assay and Cell Surface ELISA
Monocyte binding assay was performed with HAEC and human monocytes as described previously. 3 Cell surface ELISA of active form ␤1 integrin was done essentially as previously described, 5 except that PBS/5% nonfat dry milk was used as blocking solution instead of PBS/3% BSA.
EP2 Ligand Binding Assay
Membrane Preparation
HEK293-EBNA-EP2 cells were grown to confluence in 100-mm dishes. Cells were collected and resuspended in 1 mmol/L NaHCO3/ 1 mmol/L CaCl2 (pH 8.0) in the presence of protease inhibitors. Cells were frozen at Ϫ80°C and then completely thawed in ice for approximately 5 minutes. Cells were further disrupted with a narrow bore needle (27 gauge) by aspirating the cell lysate 12 times. The cell lysate was centrifuged at 2000g to remove debris. The supernatant was collected and centrifuged at 100 000g for 1 hour. The pellet was re-suspend in binding assay buffer (10 mmol/L MES/KOH, pH 6.2 containing 1 mmol/L EDTA, 10 mmol/L MgCl 2 ) and sonicated for 10ϫ2 seconds at power setting 3 (Sonicator Model XL2020 from Misonix Inc, Farmingdale, NY). The resulting suspension was quantitated with Bio-Rad Dc Protein Assay kit, aliquoted, stored at Ϫ80°C, and used as membrane preparation for binding assay.
Binding Assay
3 H-PGE 2 binding assay was essentially done as described by Abramovitz et al 10 using 25 g of membrane preparation and 1.0 nmol/L 3 H-PGE 2 . After 2 hours of incubation at 30°C, reaction was terminated by rapid filtration onto GF/F membrane with a 96-well vacuum manifold. After washing, the membrane was dried at 37°C for 1.5 hour and the radioactivity bound to the membrane was determined by scintillation counting. Nonspecific binding was determined in the presence of 10 mol/L unlabeled PGE2. Specific binding was calculated by subtracting nonspecific binding from total binding. Specific binding in the absence of competitor was used as 100% binding control.
Results
OxPAPC Activates Prostaglandin E2 Receptor EP2
Three main strategies were used to screen these candidate receptors. First, the expression of candidate GPCR in HAEC was determined by RT-PCR with 35 amplification cycles. Those not expressed in HAEC were eliminated from further screening. The remaining candidates with known ligand were then analyzed to see whether the ligand itself increased monocyte binding by a VCAM-1 independent pathway or whether a receptor antagonist blocked the effect of OxPAPC on monocyte binding. The remaining receptors were screened for activation by OxPAPC using the Pathdetect CREB reporter gene assay system. For these studies, stable transfec-tants of orphan receptors in CHO-K1 cells or transient expression of ligand-known receptors in HEK293 cells were used. Cells expressing candidate receptors with reporter system were treated with OxPAPC, and luciferase activity was measured. Increased luciferase activity reflects the activation of Gs coupled GPCR by OxPAPC. The overall result of candidate screening is summarized in the Table. With the reporter gene assay, we identified EP2 as activated by OxPAPC. Luciferase activity was significantly increased in HEK293 cells transfected with EP2 in response to OxPAPC treatment ( Figure 1A) . The extent of activation of EP2 by OxPAPC is comparable to the activation by PGE2, the native ligand of EP2 ( Figure 1A) . The closest homolog of EP2 is DP, the receptor for prostaglandin D2 (PGD2). DP is 41% identical to EP2. OxPAPC also activates DP at a comparable level to PGD2 ( Figure 1B ). Prostacyclin receptor IP has the next closest homology to EP2 (35% identical, 48% similar to EP2). However, IP does not respond to OxPAPC stimulation ( Figure 1C ). Thromboxane A2 receptor TP was not activated by OxPAPC ( Figure 1D ). Other PGE2 receptors (EP1, EP3, and EP4) do not significantly respond to OxPAPC stimulation ( Figure 1E ), although these receptors responded well to their native ligand (data not shown). These results indicate that OxPAPC activates EP2 and DP specifically and initiates downstream signal transduction that leads to CREB activation. The remaining studies focused on EP2 because of its expression in endothelial cells, monocytes, and macrophages.
PEIPC, but Not POVPC, Activates EP2
PEIPC and POVPC are the 2 major components in OxPAPC that activate monocyte binding to endothelial cells via a cAMP dependent pathway. To see whether PEIPC and POVPC both activate EP2, HEK293 cells were transfected with EP2 and then treated with PEIPC or POVPC. PEIPC at 100 ng/mL significantly activated EP2 and increased reporter gene expression, whereas POVPC at 10 g/mL had no effect ( Figure 2A ). PEIPC has previously been reported to be the most active phospholipid to induce monocyte binding. In the reporter gene assay, PEIPC even at a concentration of 10 ng/mL activated EP2. The EC 50 of OxPAPC and PEIPC in activating EP2 with the reporter assay were determined to be 1.8 g/mL ( Figure 2B , the molar concentration of 1.8 g/mL OxPAPC is Ϸ2.15 mol/L) and 108.6 nmol/L ( Figure 2C ), respectively. The EC 50 of PGE2 to activate EP2 was reported to be 31 nmol/L. 11
OxPAPC and PEIPC Inhibits the Binding of PGE2 to EP2
To gain insight into whether there is direct interaction of OxPAPC and its component PEIPC with EP2, we examined the ability of OxPAPC and PEIPC to compete for binding of PGE2 to EP2. For these studies, the binding of 3 H-PGE2 to membrane prepared from HEK293-EBNA-EP2 stable cells was examined. OxPAPC at 0.1, 1, 10, and 50 g/mL (which corresponds to molar concentration of 0.127, 1.27, 12.7, and 63.5 mol/L) inhibited specific PGE2 binding to EP2 by 10%, 17%, 46%, and 92%, respectively ( Figure 3C) , whereas PEIPC at 80 nmol/L and 800 nmol/L inhibited PGE2 binding
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Prostaglandin receptor family to EP2 by 22% and 57% respectively( Figure 3B ). In comparison, unlabeled PGE2 at 10 nmol/L, 100 nmol/L, and 1 mol/L inhibited 3 H-PGE2 binding by 53%, 86%, and 95%, respectively ( Figure 3A) . Thus, the binding affinity of PEIPC to EP2 is approximately 80-fold less than PGE2. These results demonstrate that OxPAPC and PEIPC are able to specifically compete with PGE2 for binding to EP2.
EP2 mRNA and Protein Are Expressed in Endothelial Cells and Other Cells Involved in Atherogenesis
Endothelial cells, monocytes, macrophages, and smooth muscle cells all express detectable amounts of EP2 mRNA by end-point RT-PCR ( Figure 4A ). Real-time RT-PCR indicates macrophage (PM, differentiated from peripheral human monocytes in vitro) express highest level of EP2 mRNA ( Figure 4B ). Monocytes (THP-1) and aortic smooth muscle cells (ASMC) express median level of EP2 mRNA. Endothelial cells HAEC and HMEC express low level of EP2 mRNA. EP2 protein was reported to be a 53-kDa molecule. Antibody against EP2 (Cayman Chemical Inc) detected a protein at the appropriate size in HAEC, HMEC, PM, and THP-1 cells ( Figure 4C ). Although the mRNA level of EP2 varies significantly among these cells, there are similar levels of EP2 protein expression.
Activation of EP2 Results in the Activation of ␤1 Integrin and the Stimulation of Monocyte Binding to HAEC
Butaprost, a specific agonist of EP2, like OxPAPC and PEIPC, increases the active form of ␤1 integrin expression on endothelial cell surface as measured by cell surface ELISA ( Figure 5A ) and stimulates monocyte binding to HAEC ( Figure 5B ). The effect of OxPAPC and butaprost is not additive. These results suggest a role for EP2 in OxPAPC induced monocyte binding.
Activation of EP2 by Butaprost and OxPAPC Modifies the Expression of TNF-␣ and IL-10 in Monocytes and Macrophages
PGE2 has been reported to downregulate the expression of TNF-␣ via EP2 and EP4. 12, 13 We demonstrated that THP-1 Figure 1 . Activation of prostaglandin receptors in response to OxPAPC. Prostaglandin receptors were transfected into HEK293 cells together with reporter plasmids and treated with indicated reagents. Activation of prostaglandin receptors was measured by luciferase activity. A, HEK293 cells were transfected with prostaglandin E2 (PGE2) receptor EP2 and then treated with or without PGE2 (1 mol/L) or OxPAPC (10 g/mL). B, HEK293 cells were transfected with prostaglandin D2 (PGD2) receptor DP and then treated with or without PGD2 (1 mol/L) or OxPAPC (10 g/mL). C, HEK293 cells were transfected with prostacyclin receptor IP and then treated with or without prostacyclin (I2, 1 mol/L) or OxPAPC (10 g/mL). D, HEK293 cells were transfected with thromboxane A2 (TxA2) receptor TP and then treated with or without TxA2 (1 mol/L) or OxPAPC (10 g/mL). E, HEK293 cells were transfected with empty plasmid (C) or prostaglandin E2 receptors EP1, EP2, EP3, and EP4. Cells were than treated with OxPAPC at 50 g/mL. Native ligand was also tested (data not shown).
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cells expressed significantly lower level of TNF-␣ when treated with OxPAPC. Butaprost, like OxPAPC, also downregulated TNF-␣ expression ( Figure 6A ). POVPC, which does not activate EP2, had no effect on TNF-␣ expression at 10 g/mL (data not shown). OxPAPC, PEIPC, and butaprost also reduced TNF-␣ expression in macrophages differentiated from human peripheral monocytes ( Figure 6B ). Ox-PAPC also inhibited TNF-␣ expression in undifferentiated human peripheral monocytes (data not shown). IL-10 is another cytokine regulated by PGE2 via EP2 and EP4. Unlike TNF-␣, IL-10 is upregulated by PGE2 in some cell types. 12, 14 OxPAPC, PEIPC, and butaprost all stimulate IL-10 expression in THP-1 cells ( Figure 6C ).
EP2 Antagonist AH6809 Blocked the Activation of EP2 and Reduced IL-10 Stimulation by OxPAPC/PEIPC
To further confirm that OxPAPC functions via EP2, we tested the effect of EP/DP antagonist AH6809. AH6809 is a weak EP2 antagonist that inhibits the effects of low concentration of EP2 agonist. 15 In the CREB reporter gene assay, 10 mol/L AH6809 inhibited 71% of EP2 activation by 1 g/mL (1.27 mol/L) OxPAPC (Figure 7) and 51% by 10 g/mL (12.7 mol/L) OxPAPC. Furthermore, in THP-1 cells, PEIPC at 0.5 g/mL stimulated IL-10 mRNA production by 6.1Ϯ0.7-fold. AH6809 at 10 mol/L reduced the stimulation by 50% to 3.1Ϯ0.3-fold. 
Discussion
Previous studies demonstrated that OxPAPC stimulated monocyte binding involves a GPCR. In this study, we identified EP2 and DP as Gs coupled receptors for OxPAPC and also demonstrated that the component phospholipid PEIPC, but not POVPC, activated EP2. This study also eliminated a number of candidate GPCRs as the endothelial receptors mediating the effect of OxPAPC on monocyte binding.
We present evidence that both OxPAPC and its component PEIPC activate DP and EP2. PEIPC was approximately 20-fold more active than OxPAPC, suggesting that it is the OxPAPC component responsible for activation of these receptors. The ability of PEIPC to activate these receptors relates to their known ligands. PEIPC used for these studies contains a mixture of E and D epoxyisoprostane (EI) isomers. 16 The epoxyisoprostane structure is presumably the core moiety in PEIPC that activates EP2 and DP. The most active isomer (in inducing endothelial cells to bind monocyte binding) contains an E epoxyisoprostane, which would likely bind to EP2 receptor. The lack of a DP receptor on endothelial cells would explain why the D-epoxyisoprostanes were inactive in inducing monocyte binding in our previous study. 16 This and our previous studies provide some insight into the activation of the EP2 receptor by OxPAPC components. We conducted experiments to determine whether OxPAPC and PEIPC could directly activate PGE2 or whether they caused the synthesis of PGE2 by treated cells, which then bound to the receptor. Our data showing that OxPAPC and PEIPC compete for binding of PGE2 to the EP2 receptor strongly support a direct interaction of OxPAPC and PEIPC with the receptor. Because OxPAPC only activates EP2 and not other PGE2 receptors, it is unlikely that it acts by increasing PGE2 synthesis. Furthermore, we previously published that cyclooxygenase inhibitor indomethacin had no effect on monocyte binding induced by MM-LDL (of which OxPAPC is the active component). 17 At this time, we cannot determine how much of the activation of EP2 is contributed by esterified PEIPC and how much by EI. Previous studies have demonstrated that esterified butaprost interacted less effectively with EP2. 11 Our previous studies demonstrated that PLA2 Figure 4 . Expression of EP2 in different cell types. A, RNA was isolated from endothelial cells (HAEC, HMEC), macrophage (PM), monocyte (THP-1), and aortic smooth muscle cell (ASMC). EP2 mRNA expression measured by end-point RT-PCR. B, Comparison of EP2 mRNA expression in different cells by quantitative RT-PCR using the same RNA from A. EP2 cloned into pcDNA3.1 was used as standard to measure the copy number of EP2. C, Protein expression of EP2. Cell lysates from different cells with same amount of protein were loaded on to 4% to 12% gradient SDS-PAGE. EP2 expression was measured by Western blot with rabbit anti-EP2 polyclonal antibody. GAPDH was used as an indicator of loading. PM indicates peripheral monocyte differentiated into macrophage in vitro. treatment strongly decreased the activity of PEIPC on monocyte binding. 18 However, those studies (though demonstrating 90% hydrolysis of PEIPC) were not able to determine levels of recoverable EI because of a lack of suitable standard. Thus, it is still possible that cell surface PLA2 can hydrolyze PEIPC resulting in a more active, receptor-accessible EI.
The failure of PEIPC to activate other prostaglandin receptors reveals important differences in specificity of these receptors. The prostacyclin receptor IP is the next closest homolog to EP2 and DP. It has been reported a single amino acid mutation on EP2 confers EP2 responsiveness to prostacyclin. 19 However, IP does not respond to OxPAPC. Interestingly, EP4 has the same native ligand as EP2 and both EP2 and EP4 mediate some of the functions of PGE2 via cAMP. 20, 21 Yet, OxPAPC does not significantly activate EP4 to increase cAMP, suggesting that the particular E prostaglandin structure is highly selective in receptor binding. Previous studies have demonstrated a difference in the binding pocket of the EP receptors. 10, 11, 22 The current studies demonstrate that this difference is recognized by PEIPC.
There are both similarities and differences in the action of isoprostane E and OxPAPC/PEIPC. Tintut et al has shown that Isoprostane E and OxPAPC, like PGE2, enhance osteoclast differentiation. EP2/DP receptors and cAMP were shown to be involved in isoprostane E-stimulated osteoclast differentiation. 23 Clarke et al demonstrated that isoprostane E regulates colony-stimulating factor in human airway smooth muscle cells by activating EP2. 24 Like PEIPC, isoprostane E also stimulates human umbilical vein endothelial cells to bind monocytes via increasing cAMP. However, this effect is mediated by TP. 25 The abovementioned studies were performed using receptor antagonists, which may show different specificities in different cell types. Our studies with PEIPC directly tested the activation of receptors by PEIPC using reporter constructs. Taken together, these studies suggest that the receptors mediating the action of isoprostane E may be cell-type specific and could also depend on the structure of the E prostaglandin.
Our studies present evidence that EP2 is involved in mediating the effects of OxPAPC on endothelial cells and macrophages. Both cell types express high levels of EP2 protein ( Figure 4C ). Butaprost, a known specific EP2 activator, activates similar pathways to those seen with OxPAPC, including activation of endothelial cell binding of monocytes by a VCAM-1-independent mechanism ( Figure 5 ) and downregulation of TNF-␣ transcription and upregulation of IL-10 transcription in monocytes/macrophages ( Figure 6 ). Furthermore, the effects of OxPAPC and butaprost were not additive, indicating similar pathways were involved in the activation. Finally, the EP2 inhibitor AH6809 blocked the activation of EP2 (Figure 7 ) and the effect of PEIPC on IL-10 synthesis in THP-1 cells. In addition, previous studies demonstrate that cAMP-elevating agents and PGE2 activate the pathways Figure 6 . Regulation of TNF-␣ and IL-10 expression by OxPAPC and butaprost. Total RNA was isolated from indicated cells and the expression of TNF-␣ or IL-10 mRNA was measured by quantitative RT-PCR. A, THP-1 cells were treated with or without OxPAPC (50 g/mL), butaprost (1 mol/L), or DBcAMP (1 mmol/L) in RPMI medium 1640/1% FBS for 4 hours. The expression of TNF-␣ was measured. B, Human peripheral monocytes were differentiated in vitro into macrophage and treated with or without OxPAPC (50 g/mL), PEIPC (PEI, 0.1 g/mL and 0.5 g/mL), butaprost (BTP, 1 mol/L), or DBcAMP (DB, 1 mmol/L) in RPMI medium 1640/1% FBS for 4 hours. The expression of TNF-␣ was measured. C, THP-1 cells were treated with or without OxPAPC (25 g/mL), PEIPC (0.1 g/mL), butaprost (1 mol/L), or DBcAMP (1 mmol/L) in RPMI medium 1640/1% FBS for 4 hours. The expression of IL-10 was measured. *PϽ0.05).
Figure 7. EP2 antagonist AH6809 inhibits activation of EP2 by
OxPAPC. HEK293 cells were transfected with EP2 and CREB reporter plasmids. Transfected cells then were untreated (C) (control) or treated with AH6809 (10 mol/L), OxPAPC (1 g/mL), or OxPAPC plus AH6809. Activation of EP2 was measured by luciferase activity. regulated by OxPAPC. Our group previously demonstrated that monocyte binding mediated by OxPAPC required an increase in cAMP. 3, 6 cAMP and cAMP-elevating agents have been shown to inhibit the expression of TNF-␣ 12, 13, 26 and increase the expression of IL-10 at the transcriptional level. 26, 27 The effects of PGE2 on TNF-␣ and IL-10 have been reported to be mediated by EP2 and EP4. [12] [13] [14] 28, 29 Taken together, this is strong evidence that EP2 is a mediator of OxPAPC action.
The in vitro effects of OxPAPC mediated by the EP2 receptor, presented in this article, could play an important role in the early stages of atherosclerosis by stimulating monocyte entry into vessel wall and regulating the phenotype of lesion macrophages. Stimulation of CS-1 expression on endothelial cells has been demonstrated to contribute to monocyte entry into the vessel wall. 30 Based on previous studies, the effect of EP2 activation on macrophages would increase foam cell formation. IL-10 has been shown to enhance Ox-LDL-induced foam cell formation by inhibiting apoptosis of the foam cells both in vivo and in vitro. 31, 32 Decreased levels of TNF-␣ would also be expected to result in lower foam cell apoptosis. Macrophages overexpressing IL-10 also show a decreased ability to present antigens and mediate T-cell activation. 33 Supporting this decreased activation, butaprost, like PGE2, inhibited CD1a expression in dendritic cells differentiated from monocytes (D.C. and D.M., unpublished data, 2005). Thus, OxPAPC activation of EP2 can play an important role in monocyte entry and foam cell formation.
In summary, our results demonstrate that EP2 and DP receptors are activated in response to OxPAPC and specifically PEIPC-inducing CREB activation. The EP2 receptor is expressed in endothelial cells, smooth muscle cells, and macrophages. EP2-specific agonist butaprost mimics the effects of OxPAPC on several inflammatory functions in endothelial cells and macrophages. Although EP2 is likely not the only receptor responding to OxPAPC, these studies suggest that EP2 has an important role in OxPAPC action and may be an important mediator of monocyte entry into the vessel wall and foam cell formation.
